Abstract
Hygiene behavior plays a key role in insect prevention against pathogens (Oi and Pereira, 1993; 37 Swanson et al., 2009 ). Mutual grooming behavior, which has been well studied in termites, is a typical hygiene 
Materials and methods

55
Insects
56
Matured workers of C. formosanus were obtained from a laboratory colony maintained since 2002
57
(Okayama, Japan) in the dark at 28 ºC and more than 85% R.H. at Kyoto University, Japan. Termites were 58 separated into two groups, A and B, and each group was placed in a Petri dish (90 × 15 mm). At the center of the 59 dishes was a filter paper (about 90 mm in diam., Whatman No.1) that was impregnated with distilled water 60 (group A) or an aqueous solution of 0.05% (wt/wt) Nile blue A (group B). They were then kept at 25 ºC for 1 to 2 61 weeks before use in the bioassay. This treatment stained all of the termites in group B blue.
63
Preparation for collecting fungal odor
64
Three isolates of highly virulent entomopathogenic fungi, M. anisopliae 455, I. fumosorosae K3 and B.
harvested with a brush from 10-to 15-day-old cultures and suspended in distilled water. About 3 ml of conidia 73 suspensions, which contained 1.59 × 10 7 -3.94 × 10 8 conidia/ml, could be collected from one culture. The 74 conidial suspensions were left overnight at 25 ºC and the conidia were then removed through a 0.2 μm filter unit
75
(Dismic-13CP, Advantec, Japan). Volatiles trapped in these filtered solutions were used for fungal odor.
76
One ml of distilled water was prepared as control solution W. 
112
Estimaton of fungal volatiles
113
Volatiles from entomopathogenic fungal conidia collected in water were extracted with SPME fiber.
114
SPME fiber coated with 100 μm polydimethylsiloxane (Red: 100 m; Supelco, Bellefonte, PA, USA) was
115
used to sample the volatiles in the solution. A SPME fiber was immersed in 3ml of each of the solutions 116 containing odor substances for 30 min at room temperature.
117
The gas chromatography apparatus was a GC-14A equipped with a polar capillary column, DB-WAX
118
(30m length, 0.25 mm diameter, 0.25 μm film thickness; J & W Scientific. Inc.) and a flame ionization detector.
119
Helium was used as the carrier gas. The SPME fiber was inserted into the GC injection port kept at 200 ºC for 1 120 min in splitless mode with a detector temperature of 220 ºC. The column oven was programmed to hold at 40 ºC
121
for 5 min, to increase at 10 ºC/min to 180 ºC and then 20 ºC/min to 220 ºC, and finally to hold for 10 min at 220 122 ºC. The substances collected from the solutions were also analyzed by a Shimadzu QP5000 GC-MS system 123 (Shimadzu, Japan) equipped with a polar capillary column (DB-WAX polar column). Helium was used as a 124 carrier gas at a flow rate of 50ml/min. The 70 eV EI spectra were recorded at a rate of 0.5s per scan. Volatile compounds were identified by comparison to the mass spectra and retention times of authentic compounds,
126
which were purchased from Nacalai Tesque (Kyoto, Japan).
128
Statistical analysis
129
To compare the differences in the grooming behavior of termites, a Poisson regression (Proc
130
GENMOD, SAS institute, 1999) was applied. For the analysis of behavioral differences and the number of dead 131 individuals, a logistic regression was applied and the survival time of the first individual to die, i.e., the duration 132 until the first dead individual was found, was analyzed by a Cox regression model using JMP 6.0 software (SAS).
133
The differences between control groups, which were treated with distilled water and broth solution, and the odor-134 treated groups were described in terms of fungal odor parameters, and the differences among the 6 isolates were 135 examined with respect to genera, isolates and virulence.
137
Results
138
Comparison of grooming behavior among the 6 isolates
139
Grooming behavior was estimated in terms of the touching frequency among 5 termites in a dish 140 consisting of one odor-treated and four untreated termites. The frequency of mutual touching in a group is 141 presented in Fig. 1 (A) and that toward one odor-treated termite by its four nestmates was presented in Fig 1(B) .
included termites treated with control solutions W and L (p = 0.077 in Fig.1 A, p = 0.517 in Fig.1 B) . On the 144 other hand, the touching frequencies in a dish containing a fungus odor-treated termite were significantly greater 145 than those of the two controls (Fig. 1 A. 
155
The changes in termite behavior caused by the fungal odor over 7 days after treatment are illustrated
156
in Fig. 2 , and the mortality rates and survival time are shown in Table 2 . Attack, cannibalism and burial other hand, treatment with fungal odor did not alter the burial and cannibalism behaviors (Table 3, 
163
The number of dead individuals also depended on the specific fungal isolate (Fig. 3 and nestmates since conidia were removed from the solutions and no physical pathogen was present in this study.
167
Therefore, the pattern for the number of dead individuals parallels that of attack behavior. No remarkable
168
difference was seen in the survival time until the first dead individual was discovered (Fig. 4 and 
171
Estimation of fungal volatiles
172
Gas chromatograms obtained for volatiles from the 6 fungal isolates extracted by SPME fiber are 173 shown in Fig. 1 . 3-Octanone, 3-octanol and 1-octen-3-ol (1; RT = 9.2 min, 2; RT = 11.9 min, 3; RT = 12.8 min, 174 respectively) were estimated by comparison to the mass spectra and retention times of authentic compounds. 
187
formosanus. Presence of spores on a termite body may also trigger grooming and attack behaviors. There are 188 certainly differences in response to Metarhizium spore by nestmates depending on whether the isolate is virulent 189 or less virulent. This could also be odor related. In other words, some of the behaviors could also be induced 190 prior to infection. However odor triggers the remarkable responses as detailed in this study.
191
Grooming behavior was remarkably enhanced by the odor stimuli ( Fig. 1 
198
reported an increase in pathogen alarm behavior by the termite Zootermopsis angusticollis using M. anisopliae.
199
In their study, termites were not allowed to directly contact treated individuals, and they showed an enhanced 
211
A statistical analysis showed that the number of dead individuals was correlated with virulence (Table   212 3, p = 0.038; virulence parameter for the number of deaths). This correlation, however, appeared to be very 213 complicated. For example, in Metarhizium, dead individuals were only found with the weak virulent UZ isolate,
214
while in Isaria and Beauveria, more termites died due to treatment with the odor of the high-virulence isolates K3 and 782 (Fig. 3) . While several studies have reported that termites are repelled by the odor of strongly 
226
Although the SPME technique has its limitations (Pedrini et al., 2007) , it provided the best chance to 
230
This study used a novel approach to examine the effects of entomopathogenic fungi on termites by using an odor Dead individuals; n / total dead individuals (rate in termite group%) Treated termite (n=20) 0(0) 0(0) 1/3(5) 0(0) 3/9(15) 0(0) 0(0) 2/4(10)
Untreated termite (n=80) 0(0) 1/1(1.25) 2/3(2.5) 0(0) 6/9(7.5) 0(0) 2/2(2.5) 2/4(2.5)
